The aim of this study was to determine if increased mortality associated with low levels of serum 25-hydroxyvitamin D (25(OH)D) reflects a causal relationship by using a Mendelian randomisation (MR) approach with genetic variants in the vitamin D synthesis pathway. Individual participant data from three European cohorts were harmonized with standardization of 25(OH)D according to the Vitamin D Standardization Program. Most relevant single nucleotide polymorphisms of the genes CYP2R1 (rs12794714, rs10741657) and DHCR7/NADSYN1 (rs12785878, rs11234027), were combined in two allelic scores. Cox proportional hazards regression models were used with the ratio estimator and the delta method for calculating the hazards ratio (HR) and standard error of genetically determined 25(OH)D effect on all-cause mortality. We included 10,501 participants (50.1% females, 67.1±10.1 years) of whom 4003 died during a median follow-up of 10.4 years. The observed adjusted HR for all-cause mortality per decrease in 25(OH)D by 20 nmol/L was 1.20 (95% CI: 1.15-1.25). The HR per 20 nmol/L decrease in genetically determined 25(OH)D was 1.32 (95% CI: 0.80-2.24) and 1.35 (95% CI of 0.81 to 2.37) based on the two scores. In conclusion, the results of this MR study in a combined sample from three European cohort studies provide further support for a causal relationship between vitamin D deficiency and increased all-cause mortality. However, as the current study, even with~10,000 participants, was underpowered for the study of the effect of the allele score on mortality, larger studies on genetics and mortality are needed to improve the precision.
Introduction
Vitamin D is critical for bone and mineral metabolism. Vitamin D status including deficiency is assessed by the concentration of serum 25-hydroxyvitamin D (25(OH)D) and vitamin D deficiency, as measured by a low 25(OH)D concentration, as well as calcium deficiency are causally related to the development of skeletal disease: rickets in children and osteomalacia in adults (IOM/SACN/EFSA). In addition, vitamin D receptors (VDRs) have also been identified in almost all extra-skeletal tissues suggesting a widespread role of vitamin D for human health. Moreover, 25(OH)D has been associated with common chronic diseases. But as the majority of clinical trials failed to show a health benefit of vitamin D supplementation in lowering the risk of chronic diseases other than rickets and osteomalacia the question is raised whether vitamin D deficiency is actually a causal factor for those other chronic diseases [1, 2] .
Observational studies have, by the majority, shown an association of low serum 25(OH)D with an increased risk of all-cause mortality [3] [4] [5] [6] [7] [8] [9] . In line with this, meta-analyses of randomized controlled trials (RCTs) have reported that vitamin D 3 supplementation in particular together with calcium reduces mortality with small, yet significant, effects [10] [11] [12] [13] . Due to small effect sizes and several other limitations such as incomplete follow-up data it still remains unclear whether higher circulating levels of serum 25(OH)D have a causal effect on improving survival. Considering the high prevalence of vitamin D deficiency [14] and the relatively simple way of improving vitamin D status by, for example, food fortification or supplementation it is an important public health issue to identify the role of vitamin D in the prevention of premature mortality due to all-causes.
Genetic studies can help in the prediction of the causal effects of 25(OH)D on clinical endpoints through Mendelian randomization (MR) analyses using the method of instrumental variables (IV). This is done to address the problem of confounding and reverse causation in epidemiology [15] . Shortly explained, MR studies are based on the principle that the presence or absence of certain genetic single nucleotide polymorphisms (SNPs) of a particular gene is distributed randomly in the community and therefore its association with the outcome of interest allows, implicitly, assumptions on causality. MR studies are useful to address the question of causality, and reverse causation, because an association between genetically determined 25(OH)D levels and mortality is very likely to be causal as the genetic variation in 25(OH)D levels is not confounded by lifestyle factors. In an MR study including 95,766 participants from Copenhagen, Denmark, Afzal et al. [16] found a causal effect of 25(OH)D on all-cause mortality using an allele score, a finding that needs confirmation in other independent cohorts. This was reiterated in an editorial in the same issue, where Welsh and Sattar [17] encouraged additional MR studies.
The aim of the present study, which is part of the Food-Based Solutions for Optimal Vitamin D Nutrition and Health through the Life Cycle (ODIN) project (www.odin-vitd.eu), was to perform a MR study on 25(OH)D and mortality in three European cohorts. The novelty of our investigation is the standardization of the 25(OH)D values and harmonization of the phenotypes from the cohorts to allow accurate analyses of the individual participant data by serology and genotype.
Materials and Methods

Cohorts and Data Collection
Individual participant data from three European cohorts, AGES (Iceland), LURIC (Germany) and Tromsø (Norway), were combined. All cohorts were of European ancestry. The three cohort studies included in the present analyses were selected within the ODIN consortium based on the availability of genetic data, and follow-up data for mortality analyses. These studies are the Age, Gene/Environment Susceptibility (AGES) Reykjavik Study [18] , the Ludwigshafen RIsk and Cardiovascular Health (LURIC) Study [19] and the Tromsø Study [20] . The phenotypes from the cohorts were carefully harmonized for analysis [8] and all had analyzed SNPs in genes coding for key metabolic processes in the synthesis pathway of vitamin D [21] . We did not include SNPs of genes in the vitamin D transport and metabolism pathway as Dastani et al. [22] have shown that the biological role of vitamin D is independent of circulating levels of vitamin D binding protein and that these enzymes may have pleiotropic-or unclear effects on biologically active 25(OH)D levels [23] . Each cohort is described in detail in Supplement 1 as well as in previous publications of the ODIN project [8, 14] . Serum 25(OH)D was analyzed at each site (using CLIA, RIA, and ECLIA, methods in AGES, LURIC, Tromsø respectively) and the measurements were standardized by means of the United States' National Institutes of Health led International Vitamin D Standardization Program (VDSP) [24] .
In brief, representative samples were re-analyzed at University College, Cork, Ireland using a CDC-certified liquid chromatography-tandem mass spectrometry method, master regression equations of the old versus re-analyzed serum 25(OH)D established, and these tailored algorithms applied to each cohort's data to standardize the 25(OH)D values [14] . Phenotypes were also harmonized across cohorts [8] . The descriptions of the genotyping methods used in each cohort are shown in Supplement 2. SNPs in/near genes connected to the synthesis pathway of 25(OH)D [25, 26] were provided by the three cohorts. For the statistical analysis four SNPs from loci near genes involved in the vitamin D synthesis pathway (i.e., genes for dermal vitamin D synthesis and 25-hydroxylation of vitamin D) were combined to create two genetic scores. The first score (G1) is the count of the 25(OH)D alleles for the SNPs, rs12794714 and rs12785878. They were chosen because of availability in the three cohorts and they gave the strongest genetic association with 25(OH)D levels in our data. The second score (G2) was generated in a similar way to the genetic score in the study from Copenhagen [16] . The count of the alleles of variants in DHCR7 (rs12785878, rs11234027), and variants in CYP2R1 (rs12794714, rs10741657) were added together.
Statistical Methods
General linear models were used to estimate the association between the genetic scores, denoted by G, and the exposure 25(OH)D, denoted by X. The regression coefficient for the difference in X per allele difference in G was denoted byβ GX .
In the observational analysis a Poisson regression model was used to estimate the absolute mortality rate by level of 25(OH)D. The functional shapes used were linear, log-linear and a spline function. The Cox proportional hazards regression model was used to estimate the observational hazard ratio for mortality (the outcome Y) for per 20 unit difference in 25(OH)D.
The Cox proportional hazards regression model was used to estimate the hazard ratio for mortality (the outcome Y) for per allele change in the genetic score G. The log-hazard ratio estimate was denoted byβ GY .
In the causal Mendelian randomization analysis an IV approach was used with the genetic score (G) as an instrumental variable and a determinant of 25(OH)D as the exposure (X). The estimate of the genetically determined hazard ratio (HR) of mortality, for a decrease in 25(OH)D, was based on the Wald ratio estimator with confidence interval computed by the delta method, also known as Fieller's method for a ratio [27, 28] . In other words, the causal estimate of the HR for death for k unit change in 25(OH)D was exp(kβ GY /β GX ), where exp() is the exponential function. The standard error of the ratio estimator from the delta method is a function ofβ GY,βGX , and the standard errors SE β GY and SE β GX .
The IV analysis was performed both assuming linearity, and by dividing 25(OH)D levels into six categories, <30 nmol/L, 30-39.9 nmol/L, 40-49.9 nmol/L, 50-74.9 nmol/L, 75-99.9 (reference category), and 100-150 nmol/L [29] . We limited the range of 25(OH)D under study to 0-150 nmol/L. This resulted in omitting data on 6 individuals with 2 deaths. It was impossible to study the effect of 25(OH)D for values greater than 150 nmo/l with only 6 individuals and 2 deaths representing that range. We adjusted for the potential measured confounding variables: study (categorical variable), age, sex, season of blood draw (categorical), body mass index (BMI), active smoking status, diabetes mellitus, arterial hypertension, history of cardiovascular disease (CVD), and history of cancer.
We tested if the genetic scores G1 and G2 were associated with any of the 10 measured confounding variables in the 3 cohorts at the significance level 0.05/(3 × 10) = 0.0017. We also tested if associations between G1, G2, and X; X and Y; and G1, G2, and Y were the same for men and women. In other words, we tested for effect modification by sex, using interaction terms with sex and the predictor variable in each case.
Results
Basic descriptive information of the study participants from each cohort is shown in Table 1 . In general, the cohorts are similar with regard to baseline characteristics. The LURIC cohort differs from the other cohorts in having fewer females, more CVD and diabetes, and a lower average serum 25(OH)D concentration. There are more smokers in the Tromsø cohort than in the other cohorts. LURIC and Tromsø had a wider age range than AGES. Associations of the genetic scores with any of the potential confounding variables were not statistically significant. Associations of each SNP and the genetic score, adjusted for study, with serum measured 25(OH)D levels were highly significant as shown in Table 2 . The multiple linear regression model estimate of the effect size of the association of the genetic score (G1) and 25(OH)D was −1.33 nmol/L (95% CI −1.66 to −1.00) for each allele. For G2 the estimate was −0.71 nmol/L (95% CI −0.90 to −0.52). This estimate was denoted byβ GX for each score. The F-statistic for G1 was 52 and 0.49 % of the variation in serum 25(OH)D was explained, and for G2 the F-statistic was 47.4 with 0.46% of the variation explained. Due to the small sample size of the three cohorts we do not show individual cohort results and restrict our mortality analysis to the combined individual participant data of the entire sample. The genetic association with levels of 25(OH)D and the association between levels of 25(OH)D and mortality had consistent direction in all 3 cohorts. The median follow-up time was 10.4 years (interquartile range: 8.6 to 17.1 years) and 4003 participants died during this time for a total of 117,038 person years. A negative association of serum 25(OH)D levels with all-cause mortality rate (on log-scale) is shown in Figure 1 ; and it was found to be log-linear rather than linear (p < 0.001). However, the deviation from linearity was not severe, and only noticeable for low values (<15 nmol/L). For comparison to other published studies, the results from the linear association and by using categories for 25(OH)D were presented. The log-hazard ratio per one allele score increase (G1) for all-cause mortality was Table 3 .
We did not find sex to be an effect modifier for any of these associations. 
Discussion
In this MR study involving individual participant data from three European cohorts we observed an association of low 25(OH)D and increased mortality with similar risk estimates for serum 25(OH)D and for genetically determined 25(OH)D levels.
Our results are consistent with the only other large MR study on vitamin D and mortality, performed by Afzal et al. [16] The limiting factor in our study is the size of the cohort to estimate the IV and mortality association, not the size of the gene and exposure association. This has been demonstrated in a general setting by Pierce and Burgess [30] . The way forward would either be to increase the size of the cohort with IV and mortality information and treat our cohort as a subsample, or get an estimate from independent sample and approach the analysis as 2-sample estimator.
These consistent findings along with the fact that in both studies risk estimates were similar for measured as well as genetically determined 25(OH)D levels suggest that the association between vitamin D deficiency and mortality is causal. Nevertheless, the effect of the genetic score on the 25(OH)D variation was low in our study, but the F statistic result suggests that it has potential to be a good instrument to detect causal relationships. Afzal et al. [16] analyzed SNPs in the same two genes as in our genetic score and reported that approximately 1% of the 25(OH)D variation was explained by their genetic score. This was also similar to the variation explained in our study. We have to acknowledge that our cohort sample size per se is underpowered for statistically significant results. The similarity of the findings and effect sizes of these two MR studies, despite some obvious differences in the cohort characteristics such as smoking prevalence and CVD burden, lends strong support in favor of a causal vitamin D mortality relationship.
Large genome wide association studies (GWAS) have found a number of SNPs significantly associated with 25(OH)D near genes in the vitamin D metabolic pathway [21, 26, 31] . The SNPs studied in our present work are in the vitamin D synthesis pathway. These SNPs have been chosen in many of the MR studies involving vitamin D, and allelic scores have been found to be more powerful than individual SNPs as an instrument in such studies [25] . Many conditions in addition to mortality have been studied in MR analyses attempting to determine causal relationships of vitamin D with bone mineral density [32] , type 2 diabetes [33] , age-related macular degeneration [34] , hypertension [35] , ischaemic heart disease [36] , obesity [37, 38] , brain function [39] , and seven types of cancer [40, 41] . Mainly negative results were obtained [32] [33] [34] 36, 38, 40, 41] or further research is needed to confirm positive results [35, 37, 38] . A report from the SUNSHINE consortium [42] enrolling 33,996 patients implicated 25(OH)D as a causal risk factor for Alzheimer's disease, whereas in the same population genetically lowered 25(OH)D was not associated with increased risk of CAD. The SNPs described 2.44% of the variance of 25(OH)D, higher than in our study.
The results presented here support the argument posited by Schöttker et al. [43] suggesting that vitamin D supplementation through food or vitamin supplements might help people to be more resilient to premature mortality, though the mechanism remains unclear. Since the present study is underpowered to study specific causes of death, we can only speculate about the underlying pathophysiological mechanisms and the life threatening diseases that were the main drivers for our results. Currently there is inconsistent evidence that vitamin D supplementation has any clinically meaningful effect on decreasing falls, cancer and CV deaths in community dwelling adults. But concomitant chronic diseases such as CVD or neurological diseases may also play a role in the body's need for vitamin D to maintain homeostasis. Before advocating in support of vitamin D supplementation or any determination of the ideal vitamin D level, it will be important to wait for further results from on-going, population-based vitamin D randomized clinical trials (RCTs) [44] , although a major limitation of many vitamin D RCTs is the inclusion of participants regardless of 25(OH)D levels. Our results show a significant observed mortality increase at levels below 40 nmol/L 25(OH)D. Recently published vitamin D RCTs did not report health benefits of vitamin D but they might have been underpowered to detect significant overall effects, or clinically meaningful subgroup differences, due to their sample size and a high prevalence of participants with sufficient 25(OH)D levels [45] [46] [47] [48] . For example, in the VITamin D and OmegA-3 trial (VITAL), 25,871 participants with a mean baseline serum 25(OH)D concentration of 77 ± 25 nmol/L were randomized to 2000 international units vitamin D or placebo. During a median follow-up of 5.3 years there was no effect on total mortality (HR: 0.99; 95% CI: 0.87 to 1.12) [48] . Furthermore, while RCTs usually have a limited study duration, MR studies indicate effects of lifelong exposure.
Strengths and Limitations
The strength of this study lies in the standardization of the 25(OH)D measurement, the inclusion of cohorts from three different countries and harmonization of phenotypes across the three cohorts. Standardization of 25(OH)D values reduces interference by methodological problems of 25(OH)D measurements that can negatively impact on the ability to compare and contrast findings across studies. Using individual participant data with harmonized phenotypes is also an advantage for combining the data of the three cohorts into a single, perhaps more generalizable, sample.
A limitation of the current study is that there is only one measurement of 25(OH)D, collected at a single time-point. The current study was underpowered for the study of the effect of the allele score on mortality. The effect per allele was small and the current study would have needed five to six times larger cohort (or 50,000 to 60,000 persons) to be able to estimate the IV mortality association with enough precision for the Mendelian randomization analysis to be realistically able to reach statistical significance. The cohorts included only people of European ancestry and therefore the results may not apply to other ethnic groups.
Conclusions
In conclusion, the results of this MR study may argue in favor of a causal relationship between vitamin D deficiency and increased all-cause mortality in a combined sample from three European cohort studies. These data support a previous Danish MR study with similar effects size. It is also in line with the dose-response seen in observational epidemiological studies as well as meta-analyses of vitamin D RCTs, which suggest that low 25(OH)D levels may be detrimental for survival. These findings on vitamin D and mortality deserve consideration in the public health discussion regarding the value, design, and implementation of innovative approaches to improve the vitamin D status of the general population.
